The relationship between the pixel value and exit dose was investigated for a new commercially available amorphous silicon electronic portal imaging device. The pixel to dose mapping function was established to be linear for detector distances between 116.5 cm to 150 cm from the source, radiation field sizes from 5ϫ5 cm 2 to 20ϫ20 cm 2 and beam energies of 6 to 18 MV. Coefficients in the mapping function were found to be dependent on beam energy and field size. Open and wedged field profiles measured with the device showed agreement to a maximum of 5% and 8%, respectively, as compared to film. A comparison of relative transmission measurements between the EPID and ion chamber indicate a maximum deviation of 6% and 2% at 6 and 18 MV, respectively, for an attenuator thickness of 21 cm and SDDу130 cm. It was found that accuracies of better than 1% could be obtained if detector position and field size specific fitting parameters were used to generate unique mapping functions for each configuration.
I. INTRODUCTION
Portal imaging was developed to verify the geometric accuracy of radiation field placement on a patient over a protracted course of radiation therapy. The geometric accuracy of field placement may be determined by comparing a portal image to the original treatment simulation radiograph, radiographs digitally reconstructed from CT data-sets ͑DRR͒ or to a previously approved portal image. Originally radiographic film was used for portal imaging, however, a variety of technologies have emerged for producing on-line direct digital images. These devices, called Electronic Portal Imaging Devices ͑EPIDS͒, were initially developed ''in-house'' in dedicated research facilities and later migrated to industry where they were developed as commercial products. Various types of EPIDS were developed, however, only the video based ͑VEPIDS͒, scanning liquid ionization ͑SLIC͒ and amorphous silicon ͑aSi͒ type EPIDS have evolved into commercially available systems. For a review of many EPID types, see Boyer et al. ͑1992͒. 1 We have investigated the ability of an aSi-EPID to accurately measure transit dose. Ideally, the transit dose can be converted into a mid-plane dose distribution that is representative of the patient dose delivered during treatment [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and then compared to the computed dose distribution generated during the planning stage of a treatment. Large deviations between the two dose distributions may then initiate an adjustment to patient position with respect to the treatment portal. There are several steps in the conversion of a portal image to mid-plane dose which is representative of the dose distribution in a patient. The portal image is a measure of the photon intensity or fluence at the level of the detector and is not directly related to the measured mid-plane dose.
Several investigators have quantified the performance of a SRI-100 ͑Philips Medical Systems, Crawley, UK͒ EPID for portal dosimetry. This portal imager consists of a fluorescent screen viewed by a CCD camera via two mirrors. Analog images are digitized through a CCD camera and multiple digital frames are added together in a frame buffer to improve image quality. Dark current corrections are also applied to the clinical images to reduce quantum noise. Kirby and Williams 17 have programmed the SRI-100 to act as an integrating dosimeter by manually controlling gain and black level settings. This mode allowed the verification of segmented modulated treatment fields. Heijmen et al. 18 have quantified the performance of a SRI 100 for portal dosimetry. The EPID measurements were characterized by the ratio G/Dp between the EPID's gray level pixel value G and the actual dose Dp at the same point established by an ionization chamber. G/Dp was measured and reported for a variety of circumstances. Pasma et al. 19 reported that portal dose images measured with the EPID are within 1% of ion chamber measurements in open, wedged and intensity modulated 25 MV photon beams. Based on experience gained with the SRI-100, a new fluoroscopic CCD camera based EPID with modern components was developed. Its use for portal dosimetry was investigated and reported by de Boer et al. 20, 21 The use of the PortalVision ͑Varian Medical Systems, Palo Alto, CA͒. SLIC-EPID system for portal dose measurements has been investigated by Essers et al., 22 Yin et al., 23 Zhu et al., 24 and Parsaei et al. 25 They showed the need to correct each pixel value for the variation in response of each detector element to a uniform flood field. The relationship between pixel value and portal dose then followed a square root response.
Exit dosimetry has also proven to be a useful approach to the verification of dynamic collimation, intensity modulated fields, 26 -34 as well as compensator design 35, 36 with the goal of comparing the integrated dose with the planned dose distribution. In addition, the patient mid-plane or exit dose can be predicted from the portal dose if a 3D CT data-set is known and the model for calculating the exit portal dose is accurate. However, the primary radiation cannot be simply ray traced through the 3D CT data-set to get the patient midplane dose and the contribution of scattered radiation must be included. [37] [38] [39] [40] [41] [42] Previous work performed at our institution included the acquisition of portal dose transmission profiles measured with the SLIC-EPID. 25 We reported this technology to be suitable for transit dosimetry of static fields. However, dose verification in dynamic fields was not possible due to the method of image acquisition which consisted of scanning the ionization matrix row by row, by successively activating high voltage switches and measuring the currents in 256 column electrodes. 22, 23 Sampling the entire matrix required on the order of seconds while the imaging of dynamic fields requires near instantaneous sampling of the entire irradiated area. New technology in the form of amorphous silicon flat panel detectors has shown much promise in this area. At present there are two commercially available amorphous silicon megavoltage imaging systems: the aS500 ͑Varian Medical Systems, Palo Alto, CA͒ and iViewGT ͑Elekta Oncology Systems, Crawley, UK͒.
Our objective in the present study is to investigate the dosimetric properties of the aS500 detector and its applicability for the measurement of portal transmission dose for 6 and 18 MV photon beams. The relationship between pixel value and dose is established and the detector is used to measure transmission dose profiles for both open and wedged beams.
II. MATERIALS AND METHODS

A. Flat panel detector characteristics
The aS500 EPID is an indirect detection system consisting of a 1 mm copper plate overlying a scintillating layer of phosphor ͑Kodak Lanex Fast B-Gd 2 O 2 S:Tb, 70 mg/cm 2 ) which converts incident radiation into optical photons. The generated light image is sensed by an array of photodiodes etched into an amorphous silicon panel. Each pixel on the amorphous silicon panel consists of a light sensitive photodiode and a thin film transistor. The photodiode captures in-FIG. 1. The relationship between the pixel value ͑P͒ and the absorbed dose ͑D͒ is shown for detector distances of 116.5 cm, 130 cm and 150 cm from the source and for 6 MV irradiation using field sizes of 5ϫ5 cm 2 , 10ϫ10 cm 2 and 20ϫ20 cm 2 . A linear fit to the data for all three field sizes is shown in ͑a͒ and a linear fit to only the two smaller field sizes is shown in ͑b͒.
FIG. 2.
The relationship between the pixel value ͑P͒ and the absorbed dose ͑D͒ is shown for detector distances of 116.5 cm, 130 cm and 150 cm from the source and for 18 MV irradiation using field sizes of 5ϫ5 cm 2 , 10ϫ10 cm 2 and 20ϫ20 cm 2 . A linear fit to the data for all three field sizes is shown in ͑a͒ and a linear fit to only the two smaller field sizes is shown in ͑b͒.
cident light and converts it to an electric charge. The thin film transistor acts as a switch controlling the signal readout, which is digitized by a 14 bit analog to digital converter. The sensitive area of the aS500 detector is ϳ40ϫ30 cm 2 , with a pixel size of 0.78ϫ0.78 mm 2 resulting in an image size of 512ϫ384 pixels. The detector used in this work has a thickness of 4 cm, and a mass of 7 kg. The detector is conveniently mounted on a retractable arm connected to the gantry of the linac, which allows variable Source to Detector Distances ͑SDD's͒. The detector acquisition system has been optimized for dose. A single image consisting of a 4 frame average is acquired in 0.44 seconds with approximately 2 MU of dose.
B. Experiments
A dual energy ͑6 and 18 MV͒ Clinac 2100EX linear accelerator was used for this study. A thin styrofoam plate was inserted on the couch and positioned at 100 cm from the radiation source. Polystyrene slabs up to a combined thickness of 21 cm were placed on top of the styrofoam. The EPID detector was positioned at distances of 150 cm, 130 cm and 116.5 cm from the source ͑SDD͒. Transmission curves were measured by analyzing a 20ϫ20 pixel ROI along the central axis of the beam for energies of 6 and 18 MV and field sizes of 5ϫ5, 10ϫ10 and 20ϫ20 cm 2 . EPID images were acquired only after a stable dose rate was achieved on the linac. The aS500 requires about 2 MU of dose to form an image, however, the total dose delivered by the linac was between 10-20 MU. The resulting image was a 2D array of pixel values from which longitudinal and transverse profiles can be extracted. An ion chamber ͑0.6 cm 3 Farmer type PTW͒ was then positioned at the same distance as the EPID and solid water was used to provide 1.5 and 4.0 cm buildup at 6 and 18 MV, respectively. Ion chamber measurements were acquired with 100 MU exposures. Additionally, film images ͑Kodak-XV͒ were acquired under the same conditions and scanned using a 16 bit CCD-based digitizer VXR-16 ͑Vidar Systems Corporation, Herndon, VA͒. 43 Transverse and longitudinal profiles from film were then compared to those measured from the EPID.
III. RESULTS AND DISCUSSION
The average pixel value ͑P͒ within a 20ϫ20 ROI centered on the central beam axis with the portal imager positioned at three different distances from the source and for radiation field sizes of 5ϫ5 cm 2 , 10ϫ10 cm 2 and 20ϫ20 cm 2 were compared to the doses measured with the ion chamber at the same position as the EPID. This established the relationship between P to dose for 6 MV photons, Fig. 1 , and 18 MV photons, Fig. 2 . The standard deviation of the mean pixel value in the ROI was between 3-18 pixels which was less than 0.6% of the mean. The radiation dose changed as the source to detector ͑SDD͒ distance was changed for both the EPID and the ion chamber. Beam intensity measured at the detector plane was reduced by inserting polystyrene slabs on the couch with the couch top positioned at 100 cm from the source. The relationship between P and dose ͑D͒ was found to be linear and of the form PϭaxDϩb, where a and b are constants and x is a proportionality factor between the four sampled frames of the EPID acquisition and the irradiation of 100 MU to the ionization chamber. This relationship varied with radiation field size and energy but was not strongly dependent on the distance from the source. The value of the constants a and b for 6 MV and 18 MV are listed in Table I . A linear regression fit to all the 6 MV data ͓Fig. 1͑a͔͒ for all examined field sizes and all distances yielded a relationship of the form Pϭ44xDϪ180. 9 . ͑1͒
As an estimate of the goodness of fit, the root mean squared difference ͑RMS error͒ was found and is given by
for N data points. P i represents the measured pixel value and P(xD i ) the pixel value as predicted by Eq. ͑1͒. For the case as given above, the RMS error was found to be 67.7. A better fit was obtained when the larger field of 20ϫ20 cm 2 was omitted ͓Fig. 1͑b͔͒. In this case the relationship was given by:
Pϭ42.6xDϪ158.4, ͑2͒
with an RMS error of 39.0. Similarly, the fit for 18 MV for all three field sizes ͓Fig. 2͑a͔͒ was with an RMS errorϭ99.7 and when the 20ϫ20 cm 2 field was not included ͓Fig. 2͑b͔͒:
Pϭ40.6xDϪ182.8, ͑3͒
Pϭ38.4xDϪ131.3, ͑4͒
with an RMS error ϭ57.3. For 18 MV there was greater deviation from linearity for the changes in field size and EPID distance. This was attributed to the EPID's sensitive volume being positioned in the buildup region of this beam. In order to locate the point of maximum dose, the EPID was positioned at 105 cm from the source with the touch guard in place. Various thicknesses of polystyrene were then placed on the touch guard and several images were acquired and analyzed to determine the maximum pixel value for both the 6 and 18 MV beams. This established that the material above the sensitive volume of the detector, including the components of the EPID itself, was equivalent to 1 cm water for 6 MV but closer to 1.4 cm water for 18 MV. The buildup region was much broader than that measured with the ion chamber indicating that scatter is different in the detector as compared to the polystyrene. The relative transmission ͑T͒ can be obtained from a measurement of pixel values directly: Both detectors are situated at 130 cm from the source and a radiation beam size of 20ϫ20 cm 2 defined at 100 cm SSD is used. The EPID relative transmission is calculated from the raw pixel values and is compared to that calculated using Eq. ͑5͒ and either *a and b for all field sizes and detector distances, or **a and b specific to this field size and distance.
Tϭ P/ P 0 , where P was the pixel value measured with the attenuator in the beam and P 0 was the pixel value without attenuators. The corresponding dose values measured with the ion chamber were given by TϭD/D 0 . The transmission through polystyrene attenuators situated at 100 cm from the source with the imager positioned at 116.5 cm, 130 cm and 150 cm from the source is shown for 6 MV, Fig. 3, and 18 MV, Fig.  4 . The transmission measured with the portal imager was compared to the transmission measured with the ion chamber. T increases with radiation field size as expected at all distances because of the increased scatter dose for larger fields. Also there was more scatter for shorter distances to the detector and hence T increased as the distance to the detector decreased. The T measured with the EPID for 6 MV, Fig. 3 , was smaller at all distances and for all three field sizes. The maximum deviation in transmission between EPID and ion chamber measurements was 6% occurring for an attenuator thickness of 21 cm for all field sizes and detector distances greater or equal to 130 cm. At a detector distance of 116.5 cm, the maximum deviation in transmission measurements was found to be 8%. At 18 MV, Fig. 4 , the measured value of T with the EPID was within 2% of that measured with the ion chamber for attenuator thicknesses up to 21 cm and detector distances greater than or equal to 130 cm. At the detector distance of 116.5 cm, the EPID measured transmission was greater than the ion chamber by 7% at an attenuator thickness of 21 cm. The greater deviations for the shorter detector distance may be due to the different scatter dose measured with the portal imager for this detector distance.
Using Eqs. ͑1͒-͑4͒, a relative transmission can be calculated as follows:
(D/D 0 ) calc is compared to (D/D 0 ͒ and ( P/ P 0 ). The conversion of relative pixel values to relative dose using the general fit, Eqs. ͑1͒ and ͑3͒, did not provide a better fit to the ion chamber data. However, using the relationship specific to a particular field size and detector distance produced a fit to ion chamber data that was within 1% for all attenuator thicknesses up to 21 cm. An example of this is shown in Fig. 5 for a 20ϫ20 cm 2 6 MV beam and a detector distance of 130 cm. Raw relative transmission pixel values were compared to ion chamber measurements and that calculated using Eq. ͑5͒ with either the fit to all data ͑aϭ44, bϭϪ180.9, Table I͒ or the fit specific for that detector distance and radiation field size ͑aϭ43.6, bϭϪ81, Table I͒. In general, if the raw data was used to calculate relative transmission, the results using the EPID measurements were within 6% of those measured with the ion chamber for distances of the detector greater than 130 cm and radiation field sizes in the range 5ϫ5 cm 2 to 20ϫ20 cm 2 . The agreement can be improved with a relationship of the form of Eq. ͑4͒, which needs to be determined for the particular irradiation conditions used.
Profiles were also extracted from both portal images and films acquired at the same distance as the EPID for both open and wedged beams. A comparison of profiles acquired on film and with ion chamber scans in a water tank were found to be nearly identical thereby validating our choice of film as the standard for comparison. A comparison between film and EPID measured profiles is shown in Fig. 6 for a 6 MV 10ϫ10 cm 2 radiation field defined at 100 cm irradiating the detector at 150 cm with an ͑a͒ open and ͑b͒ 60°wedged beam. Similar profiles for 18 MV are shown in Fig. 7 . The profiles were also measured for detector distances of 116.5 cm and 130 cm and for wedged beams of 15°, 30°and 45°at all distances with similar observations. Differences between the profiles were observed in the penumbra region both within and outside the field border.
Within the radiation field border, the EPID profile was more rounded and dropped more rapidly than the film profile for both open and wedged beams. This was found to be consistent for all detector distances and all wedges. Outside the beam edge, an increase in the measured dose can be attributed to detector glare 44 as previously reported. Glare had also been observed with the SLIC-EPIDS 25 and is related to the difference in the absorption of low energy photons existing in the penumbra of the beam in the high Z material of the detector. The photon spectrum changes with distance from the central axis where the amount of soft radiation is proportionally greater. The region outside the field contained only scattered radiation. Therefore, the differences in the profiles can be attributed to the difference in absorption of low energy photons in the film and sensitive material of the EPID detector.
IV. CONCLUSION
The feasibility of a new amorphous silicon electronic portal imaging device for transit dosimetry was investigated. With the detector positioned at distances of 116.5 to 150 cm from the source, and for radiation field sizes of 5ϫ5 cm 2 to 20ϫ20 cm 2 , and two beam energies, 6 MV and 18 MV, the relationship between the absorbed dose and pixel value was found to be linear for all distances and field sizes, although the slope of the relationship was field size dependent. Once this relationship was established the portal imager was found to be suitable for measuring relative transmission curves as well as beam profiles for both open and wedged beams.
